R
ecently we reported that CRLK1, a novel calcium/calmodulin-regulated receptor-like kinase plays an important role in regulating plant cold tolerance. Calcium/calmodulin binds to CRLK1 and upregulates its activity. Gene knockout and complementation studies revealed that CRLK1 is a positive regulator of plant response to chilling and freezing temperatures. Here we show that MEKK1, a member of MAP kinase kinase kinase family, interacts with CRLK1 both in vitro and in planta. The cold triggered MAP kinase activation in wild-type plants was abolished in crlk1 knockout mutants. Similarly, the cold induced expression levels of genes involved in MAP kinase signaling are also altered in crlk1 mutants. These results suggest that calcium/calmodulinregulated CRLK1 modulates cold acclimation through MAP kinase cascade in plants.
Calcium, a universal second messenger in eukaryotic cells, mediates changes in external and internal signals leading to the physiological responses. [1] [2] [3] [4] Calcium/ calmodulin (Ca 2+ /CaM)-dependent protein kinases (CaMKs) are very important players in calcium/calmodulin mediated signaling in mammalian cells. 5 In plants, Ca 2+ /CaM-dependent protein phosphorylation was observed more than 25 years ago. 6 Several calmodulin-regulated protein kinases have been identified and characterized. 7, 8 9 CCaMK is required for bacterial and fungal symbioses in plants. [10] [11] [12] Recently, we characterized a novel plantspecific calcium/CaM-regulated receptorlike kinase, CRLK1. 13 Ca 2+ /CaM binds to CRLK1 and stimulates its kinase activity. Functional studies with CRLK1 indicate that CRLK1 acts as a positive regulator in plant response to chilling and freezing temperatures. To further define the CRLK1-mediated signal pathway, we isolated CRLK1 interacting proteins by co-immunoprecipitation using an anti-CRLK1 antibody. Since cold increases the amount of CRLK1 protein, wildtype plants (WT) were treated at 4°C for 1 hr before co-immunoprecipitation. The resulting CRLK1 immunocomplex was separated by SDS-PAGE. We observed several bands of different sizes only in the wild-type but not in the crlk1 knockout mutant plants (Fig. 1A) . Furthermore, the intensity of these bands increased upon cold treatment, suggesting that they are the putative partners or associated proteins of the CRLK1 immunocomplex.
To determine the identities of these proteins, mass spectrometric analysis was performed with the total immunocomplex.
14 In addition to CRLK1, there were 12 other proteins which matched the Arabidopsis database. Several of them appeared in the pull-down complex from WT, but not from crlk1 mutants. These putative interacting proteins included MEKK1, another unknown protein was dramatically increased as reflected by the intensity of the band (Fig. 1C) . These results indicate that the binding of calcium/CaM to CRLK1 increases its affinity to MEKK1.
To address if CRLK1 and MEKK1 associate in vivo and to determine subcellular location of this association, we used Bimolecular Fluorescence Complementation (BiFC) in Arabidopsis protoplasts. 22 BiFC vectors carrying CRLK and MEKK1 were co-transfected into protoplasts and observed for the reconstitution of YFP fluorescence. Confocal images showed that CRLK1 associated with MEKK1 both on cell membranes and in intracellular vesicle-like structures (Fig.  1D) . Control co-transfections with nEYFP or cEYFP vectors did not display any fluorescence suggesting that the interaction between CRLK1 and MEKK1 is specific (Fig. 1D) .
homeostasis.
20,21 Therefore we selected MEKK1 from the putative CRLK1 partners for further studies.
CRLK1 Interacts With MEKK1 in vitro and in planta
To confirm the direct interaction between CRLK1 and MEKK1, a well-characterized component in cold signaling, we performed GST pull-down assay (Fig. 1C) .
The recombinant CRLK1 M29-440 was precipitated by GST:MEKK1, but not by GST alone. However, the intensity of the band was very low, suggesting weak interaction between them. Since CRLK1 is a calcium/CaM-regulated kinase, we investigated the effects of calcium and/or CaM on the interaction between CRLK1 and MEKK1. In the presence of calcium and CaM in the reaction mixture, the interaction between CRLK1 and MEKK1 kinase, a type 2C phosphatase and CaM (Fig. 1B) involved in cold signal transduction. 18, 19, 23 Our results suggest that calcium/CaM/ CRLK1 interacts with MEKK1 and regulates the MAPK cascade during cold stress. To further study the relationship between CRLK1 and MAPK signaling, we compared the MAPK activity between WT and crlk1 plants in response to cold treatment using in gel phosphorylation assay ( Fig. 2A) . In WT plants, cold stimulated MAP kinase activity. However, this stimulation was diminished in crlk1 mutants. These results suggest that CRLK1 plays a role in regulating the MAPK cascade during cold signaling. It has been shown that cold treatment increases the expression of MEKK1. 23 To investigate whether CRLK1 affects MEKK1 expression, we compared the RNA level of MEKK1 between WT and crlk1 mutants using semi-quantitative RT-PCR. MEKK1 levels in both WT and crlk1 plants were similar after cold treatment, suggesting that CRLK1 does not regulate MEKK1 at the transcriptional level (data not shown). We further studied the expression of the marker genes such as RAV1, RAV2 and STZ affected by MAPK cascade. 19 Their expression levels were lower in crlk1 plants as compared to WT after cold treatment (Fig.  2B) . These results are consistent with our earlier observation that CBF and COR genes expression were reduced or delayed in crlk1 knockout plants as compared to wild-type plants during cold treatment. 13 It is documented that cold responsive CBF and COR genes expression are regulated by MAPK pathway. 19 Accumulating evidence indicates that protein phosphorylation is involved in the pathway connecting the cold-triggered calcium changes and cold acclimation. 24, 25 However, the protein kinase(s) responsible for inducing cold-regulated genes and activating freezing tolerance is elusive. There are interesting candidates such as an alfalfa MPK, p44 mmk4 , that is activated within 10 min after being exposed to low temperature. 26 Expressing a heterologous tobacco MAPKKK (Nicotiana PK1) enhances freezing tolerance in transgenic maize plants that are normally frost sensitive. 27 In Arabidopsis, MEKK1, MKK2, MPK4 and MPK6 have been shown to be Figure 2 . crLK1 regulates the mAPK kinase activity and expression levels of genes affected by mAPK cascade during cold treatment. (A) in gel phosphorylation showed that cold stimulated mAP kinase activity is diminished in crlk1 plants. the in-gel assay of endogenous mAPK was carried out as described. 28 Briefly, 50 µg of plant protein was fractioned in a 12.5% SdS-PAGe with 0.25 mg/ml mylein basic protein (mBP). the gel was incubated with protein phosphorylation buffer with [γ 32 P-AtP], and exposed to X-ray film after washing. Forty micrograms of total proteins were used in the assay. the coomassie stained ruBiScO band was used to show equal loading. 
